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Abstract 
 
ThermoRaman spectroscopy has been used to study the molecular structure and 
thermal decomposition of kintoreite, a phosphated jarosite PbFe3(PO4)2(OH,H2O)6.  
Infrared spectroscopy shows the presence of significant amounts of water in the 
structure as well as hydroxyl units. In contrast no water was observed for segnitite 
(the arsenojarosite) as determined by infrared spectroscopy.  The Raman spectra at 77 
K exhibit bands at 974.6, 1003.2 and 866.5 cm-1. These bands are attributed to the 
symmetric stretching vibrations of (PO4)3-, (SO4)3- and (AsO4)3- units. Raman 
spectroscopy confirms the presence of both arsenate and phosphate in the structure. 
Bands at 583.7 and 558.1 cm-1 in the 77 K spectrum are assigned to the ν4 (PO4)3- 
bending modes.  ThermoRaman spectroscopy of kintoreite identifies the temperature 
range of dehydration and dehydroxylation.  
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Introduction 
 
 Alunites are a supergroup of minerals with more than 40 representatives [1].  
The minerals are normally divided into two groups depending on the dominant 
trivalent cation being Al3+ or Fe3+. This subdivides the group into alunites and 
jarosites. Typically the formula is given by M+M3+(XO4)(OH)6 where M+ is a 
monovalent cation, M3+ the trivalent cation and X is the tetrahedral anion and may be 
S or P or As. These groups are dominated by the presence of sulphate.  The alunite 
group may be divided into subgroups depending on the anion. If sulphate id the 
dominant anion the alunite subgroup is formed, if phosphate is the anion, then the 
crandallite subgroup is formed and if arsenate is the anion the group forms the 
arsenocrandallite group. The equivalent group to alunite is jarosite and only a few 
jarosites with phosphate or arsenate are known [2-7]. The phosphates with Fe3+ are 
benauite, kintoreite, corkite and zairite. The arsenates are dussertite, segnitite and 
beudantite. Thus segnitite is the mineral PbFe3H(AsO4)2(OH)6 although sometimes 
the formula is written as PbFe3(AsO4)2(OH,H2O)6 [8].  Kintoreite is the phosphated 
mineral PbFe3(PO4)2(OH,H2O)6. Hence kintoreite is a lead iron phosphate mineral of 
the alunite-jarosite family, and is found at the Kintore open cut mine, Broken Hill, 
New South Wales, Australia [8]. 
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 In this paper, Raman and infrared spectra of kintoreite are reported. As a part 
of our on-going research into the use of vibrational spectroscopy in particular Raman 
spectroscopy to assist in the elucidation of the structures of minerals especially 
secondary minerals, we report the Raman and infrared spectra of the kintoreite 
mineral. These spectra are related to the known mineral structure. 
 
 
 
 
Experimental 
Minerals 
 
  Several Kintoreite from different origins were used in this study. Samples used 
in this study are (a) M38600, Kintoreite, Australia, New South Wales, Broken Hill, 
Kintore opencut (31 58 S, 141 27 E) and (b) M41810, Kintoreite, Australia, New 
South Wales, Broken Hill, 290 m N, 3 Lens, Block 14 opencut (31 58 S, 141 27 E). 
The minerals are type minerals from Museum Victoria. The minerals were analysed 
by X-ray diffraction for phase purity and by electron probe using energy dispersive 
techniques for quantitative chemical composition. The chemical analysis of the 
kintoreite mineral shows some arsenic and some low levels of zinc in the structure. 
Traces of sulphate are also present. The formula is thus 
Pb(Fe3+)3(PO4,AsO4,SO4)2(OH,H2O)6.   
 
Raman spectroscopy 
 
The crystals of segnitite were placed and oriented on the stage of an Olympus 
BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 
1000 Raman microscope system, which also includes a monochromator, a filter 
system and a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe 
laser (633 nm) at a resolution of 2 cm-1 in the range between 100 and 4000  
cm-1.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.  Previous studies by the authors provide more 
details of the experimental technique [9-12]. Spectra at elevated temperatures were 
obtained using a Linkam thermal stage (Scientific Instruments Ltd, Waterfield, 
Surrey, England).  Spectral manipulation such as baseline adjustment, smoothing and 
normalisation was performed using the GRAMS® software package (Galactic 
Industries Corporation, Salem, NH, USA).  
 
Infrared spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to 
noise ratio. 
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Results and discussion 
 
 The mineral kintoreite has distinct vibrating units according to the formula 
(PbFe3H(PO4)2(H2O,OH)6). These units are (AsO4)3-, H2Oand OH-.  Infrared spectra 
of some six kintoreite samples from the Kintore deposit show significant infrared 
bands in the 1630 cm-1 region.  This provides an indication of the presence of water in 
the structure. Such a result may be compared with that for the mineral segnitite where 
no water bending modes were found. Infrared spectra of some six segnitite samples 
from the Kintore deposit show no infrared bands in the 1630 cm-1 region.  Thus the 
formula written as PbFe3(AsO4)2(OH,H2O)6 is not correct. The correct formula is 
(PbFe3H(AsO4)2(OH)6). The question arises as to how many moles of water are 
present in the formula unit.  Thus the formula written as PbFe3(PO4)2(OH,H2O)6 is 
probably correct as opposed to the formula (PbFe3H(PO4)2(OH)6).  The question 
arises as to the position of the water in the structure.  It is likely the water takes up a 
position coordinating to the Fe3+. The water protons are probably in some bi or 
trifurcated bonding with adjacent oxygens.  Figure 1 shows the basic unit cell 
structure of kintoreite. The structure is identical to that of jarosite. The figure shows 
the bonding of the oxygens of the phosphate to the Fe3+.  The figure also shows 
oxygen bonding to both Fe3+ and Pb.  These oxygens are from either the OH units in 
the structure or the water units in the structure.  These oxygens are either close to one 
of the oxygens of the phosphate units or are further distant as is illustrated in Figure 2.  
The average OO distances are 2.800 and 3.385 Å. 
 
Raman spectra at 298 K 
 
 Raman spectra of aqueous phosphate oxyanions show a symmetric stretching 
mode (ν1) at 938 cm-1, the antisymmetric stretching mode (ν3) at 1017 cm-1, the 
symmetric bending mode (ν2) at 420 cm-1 and the ν4 mode at 567 cm-1.  Such bands 
will become more complex in a crystal structure involving more than one cation and 
degeneracy will be lost.  Farmer reports the infrared spectrum of triploidite with 
formula (Mn,Fe)2PO4OH with the (ν1) at 957 cm-1, (ν3) at 1090, 1058, 1030 and 1010 
cm-1, (ν2) at 420 cm-1 and the ν4 mode at 595, 570, 486 cm-1[13].  Raman spectroscopy 
has proven to be a most worthwhile technique for studying phosphate bearing 
minerals [14-18].  The Raman spectra at 298 and 77 K together with the ATR infrared 
spectrum in the 700 to 1300 cm-1 region are shown in Figure 3. The results of the 
spectroscopic analyses are reported in Table 1.  
 
 The Raman spectra at 77 K show an intense band at 974.6 cm-1 with a 
bandwidth of 17.3 cm-1.  This band is attributed to the (PO4)3- symmetric stretching 
vibration. In addition two other bands are observed in the 77 K spectrum at 1003.2 
and 866.5 cm-1 with band widths of 16.8 and 28.2 cm-1. One possible assignment is 
that these bands are due to the (SO4)3- and (AsO4)3- symmetric stretching vibrations.  
Such an assignment is in agreement with the chemical composition of kintoreite.  The 
equivalent bands in the 298 K spectrum are at 974.8  (PO4)3- , 1002.7 (SO4)3-, and 
851.3 (AsO4)3- cm-1.  In the infrared spectrum three bands are observed at 944.8, 992.0 
and 815.0 cm-1 and may be ascribed to the (PO4)3-, (SO4)3-and (AsO4)3- symmetric 
stretching bands. These infrared bands are significantly broader than that of the 
Raman bands.  
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 A broad spectral profile in the spectra is observed in the 1050 to 1200 cm-1 
region.  In the infrared spectrum an intense band is found at 1067.8 cm-1. This band is 
assigned to the (PO4)3- antisymmetric stretching vibration.  The band is broad with a 
bandwidth of 70.6 cm-1.  An equivalent band is observed in the 77 K Raman spectrum 
at 1061.9 cm-1 and in the 298 K spectrum at 1075.3 cm-1.  It is interesting that a band 
is observed in the 77 K spectrum at 830.0 cm-1 and at 813.8 cm-1 in the 298 K 
spectrum. The antisymmetric stretching bands occur below that of the symmetric 
stretching mode. These bands therefore, may be attributed to the (AsO4)3- 
antisymmetric stretching vibration.  In the Raman spectra at 77 K other bands are 
observed at 1123.5, 1050.6 and 1020.7 cm-1.  Similar bands are found in the 298 K 
spectrum.  However band further assignments are not possible. 
 
 The Raman spectra at 298 and 77 K in the 100 to 700 cm-1 region are shown in 
Figure 4.  The infrared spectrum is not observed as the low wavenumber cut-off of the 
ATR cell prevents any reflectance observations.  In the 298 K spectrum two bands are 
found at 573.2 and 550.9 cm-1. These bands are sharp with bandwidths of 20.6 and 
18.9 cm-1. The bands are found at 583.7 and 558.1 cm-1 in the 77 K spectrum.  These 
bands are assigned to the ν4 (PO4)3- bending modes.  The bands are in similar 
positions to other phosphate bearing minerals [14-18].  The observation of multiple ν4 
(PO4)3- bands shows the symmetry lowering of the phosphate unit in line with the 
structure shown in Figure 1.  Four strong bands are observed at 477.1, 459.0, 440.4 
and 420.2 cm-1.  These bands are attributed to the ν2 (PO4)3- bending modes.  One 
problem that may arise because of the presence of (AsO4)3- units in the structure is the 
overlap of the (PO4)3- ν2 bending modes with the (AsO4)3- ν4 bending modes.  It is 
unlikely that all four bands are attributable to (PO4)3- bending modes, especially in the 
light of the two ν4 (PO4)3- bending modes. Two bands are observed in the 77 K 
spectrum at 351.4 and 298.9 cm-1.  In the 298 K spectrum a strong band is observed at 
336.4 cm-1. Bands in these positions may be ascribed to the ν2 bending modes of 
(AsO4)3- units.  The band at 298.9 cm-1 (77 K) is probably due to FeO vibrations.  
 
 The Raman spectra of the OH stretching region at 298 and 77 K and the ATR-
IR spectrum at 298 K are shown in Figure 5.  In the infrared spectrum three bands are 
observed at 3321.1, 3100.1 and 2846.9 cm-1. These bands are assigned to water 
stretching vibrations. The intensity of these bands suggests a significant amount of 
water in the kintoreite structure. In the Raman spectrum at 298 K three bands are 
observed at 3391.1, 3224.6 and 2967.8 cm-1. Only a single band is observed in the 77 
K spectrum at 3494.9 cm-1.  This band is attributed to the vibration of the OH units in 
the kintoreite structure. Upon cooling to liquid nitrogen temperature the mineral may 
have undergone a phase change as the spectra at 77K is very different to the spectrum 
at 298K. 
 
Thermo-Raman spectroscopy  
 
 ThermoRaman spectroscopy is a spectroscopic technique for studying the 
decomposition of minerals in situ at the elevated temperatures.  The temperature range 
over which decomposition occurs may be observed by changes in intensity of the 
bands or by significant changes in band position. The technique has the advantages of 
minimal sample preparation and the use of very small amounts of the minerals, as 
compared with thermal analysis techniques where 100 mg or may be required to study 
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the thermal decomposition of the mineral. The limitations of the technique rest with 
the maximum temperature that can be achieved. In the case of the instrumentation 
employed in this work it is 600 °C.  However as the temperature is raised the 
background through luminescence or thermoluminescence increases and the signal to 
noise decreases. This is evident in figures 4 and 5.   
 
 The Raman spectra of kintoreite at the elevated temperatures in the hydroxyl 
stretching region are shown in Figure 4.  The intensity of bands in the OH stretching 
region approaches zero by 200 °C.  Significant intensity is observed in the bands at 
150 °C. Thus thermal decomposition of kintoreite occurs after 150 °C but before 200 
°C. In the 50 °C spectrum bands are observed at 3452.5, 3421.0, 3216.8 and 3216.8 
cm-1.  The first band is sharp when compared to the latter three bands with a band 
width of 30.5 cm-1.  This band may be ascribed to the hydroxyl stretching vibration. 
The latter three bands are assigned to the water stretching vibrations. In the 100 °C 
spectrum, three bands are observed at 3413.3, 3224.0, and 2943.1 cm-1.  The band at 
3452.5 cm-1 in the 50 °C spectrum is not observed in the 100 °C spectrum.  This 
observation infers the OH units are lost between 50 and 100 °C.  In the 150 °C 
spectrum, three bands are observed at 3423.3, 3215.5 and 2936.9 cm-1.  It is also 
interesting to observe a Raman band at 1595.6 cm-1in the 50 °C spectrum.  This band 
may be attributed to water units in the kintoreite structure. Water is a very poor 
Raman scatterer and normally the water bending modes are not observed. A band is 
observed in the 100 °C spectrum at 1588.9 cm-1. The intensity of the band reaches 
zero in the 150 °C spectrum.  
  
 The ThermoRaman spectra of kintoreite in the 100 to 1300 cm-1 region are 
shown in Figure 5.  The higher temperature spectra suffer from signal to noise 
deficiencies.   An intense band is observed at 1086 cm-1. The band is broad and shifts 
to lower wavenumbers upon heating. The band is probably a combination of 
antisymmetric stretching vibrations. At 300 °C the band is observed at 1081.6 cm-1.  
At higher temperatures the band is not observed but a band at 1036.4 cm-1 is found. 
The observation of one band having diminished intensity and the appearance of an 
additional band is indicative of a phase change in the mineral.   A similar observation 
is made with the band observed at 970.5 cm-1.  The band is observed at 970.5 cm-1 at 
50 °C, 967.7 cm-1 at 100 °C, 957.8 cm-1 at 300 °C; the band is not observed in the 350 
°C spectrum.  The changes in these bands are indicative of phase and structural 
changes.  
 
Conclusions 
 
ThermoRaman spectroscopy is a technique which is most useful for the study 
of secondary minerals such as kintoreite. The ThermoRaman technique enables the 
temperature of dehydration and dehydroxylation to be estimated through decreases in 
intensity of the hydroxyl stretching vibrations.  No changes in the position or intensity 
of the (PO4)3- units until after dehydroxylation has occurred. The advantage of 
ThermoRaman spectroscopy is that the technique can be used to identify changes in 
structure.   
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  ATR     
298K 
Raman     
77K 
Raman   
Centre FWHM % Centre FWHM % Centre FWHM % 
        3494.9 45.6 6.3 
    3453.4 55.3 0.4      
    3391.1 87.4 3.6      
3321.1 180.4 5.7          
    3224.6 337.4 35.1      
3100.1 315.1 25.7          
    2967.8 288.6 8.6      
2846.9 363.6 25.2          
2363.4 18.6 1.1          
2334.5 30.4 1.2          
1622.4 76.1 1.4          
1441.5 22.7 0.1          
1432.0 132.4 0.7          
    1412.6 97.6 0.8      
1355.0 47.9 0.4          
1235.3 35.0 0.4 1228.7 56.3 0.4      
1142.4 39.0 1.5 1140.2 14.6 0.2      
1107.1 19.4 0.1 1110.1 99.0 5.4 1123.5 31.1 2.7 
1067.8 70.6 11.0 1075.3 28.8 1.2 1061.9 77.9 14.3 
1059.8 20.4 0.2     1050.6 11.0 0.7 
    1021.4 26.9 0.3 1020.7 15.4 8.4 
992.0 57.7 6.8 1002.7 14.1 1.9 1003.2 16.8 1.6 
    974.8 63.5 2.7 974.6 17.3 14.4 
944.8 56.0 7.0          
    851.3 47.4 4.1 866.5 28.2 9.5 
        830.0 39.3 2.5 
815.0 187.1 8.3 813.8 26.5 0.4      
805.6 42.6 1.7          
        763.7 23.8 4.7 
        645.3 10.4 0.6 
    625.3 12.0 0.3 629.4 13.3 0.4 
575.3 39.5 1.5 573.2 20.6 0.8 583.7 43.7 2.9 
    562.3 80.4 6.8 558.1 48.4 6.6 
    550.9 18.9 0.7      
524.6 41.2 0.0          
    477.1 26.9 2.5      
    459.0 27.7 1.6      
        446.2 66.6 7.3 
    440.4 18.2 2.6 441.9 9.0 0.3 
    422.2 8.2 0.1      
    420.2 43.1 7.1      
    371.7 29.4 1.3      
        351.4 62.5 1.9 
    336.4 39.9 2.9 338.4 13.2 0.4 
    306.9 40.8 0.6 298.9 10.7 2.2 
        271.9 129.4 8.5 
    252.6 59.2 4.0 246.0 10.4 0.2 
    219.1 43.4 3.2 223.8 23.1 3.4 
    204.1 13.1 0.4      
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            159.1 7.2 0.2 
 
 
Table 1 Results of the Raman at 298 and 77 K and infrared spectroscopic 
analysis of kintoreite. 
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  50°C     100°C     150°C     200°C     300°C     400°C     500°C   
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
Centr
e 
FWH
M % 
3452.
5 30.5 0.2                          
3421.
0 137.5 2.4 
3413.
3 133.7 2.0 
3423.
3 156.2 3.7         
3411.
6 116.3 5.5      
3216.
8 389.7 
23.
2 
3224.
0 319.4 
18.
6 
3215.
5 353.2 
19.
5                  
    
2943.
1 307.7 7.4 
2936.
9 218.7 4.8                  
2896.
7 312.7 4.9                          
2060.
5 278.5 1.1                          
1595.
6 141.3 0.9 
1588.
9 77.8 2.3     
1591.
2 83.6 7.2     
1574.
9 120.7 
21.
6      
                
1552.
8 132.6 
21.
8          
    
1521.
3 78.8 3.4 
1514.
8 184.0 2.5 
1514.
7 140.7 
14.
7              
                
1424.
4 113.3 
10.
0          
    
1336.
2 41.5 0.2     
1360.
8 109.4 4.9     
1377.
5 207.7 
14.
8      
1233.
6 36.7 0.2                          
1141.
5 18.1 0.1 
1142.
0 51.8 1.0 
1144.
4 18.9 0.1             
1103.
9 50.6 7.2 
1086.
1 84.9 9.0 
1082.
9 75.2 7.1 
1081.
2 88.8 
12.
2 
1084.
8 89.8 
10.
6 
1081.
8 68.9 
16.
9          
1071.
6 21.3 0.3 
1070.
6 21.3 0.2                      
                    
1036.
2 129.8 
21.
1 
1036.
4 122.0 
41.
5 
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1014.
7 41.0 1.2 
1013.
3 50.0 1.4 
1016.
8 30.2 0.7                  
998.7 15.4 1.7 997.7 16.2 1.7 997.5 16.3 1.7 996.3 12.1 0.6 996.4 25.7 6.9          
            995.0 41.3 3.3              
970.5 69.4 4.4 967.7 68.7 4.5 969.1 64.4 4.5 957.8 34.1 1.3 965.4 27.9 2.1     970.1 40.1 7.4 
886.6 46.0 1.0     887.5 66.7 1.5                  
867.5 18.3 0.3 871.7 65.0 3.2                 866.6 11.8 0.9 
848.7 40.8 
10.
4 848.3 37.7 5.4 849.6 43.6 9.8 849.6 45.2 9.3 846.5 54.2 
12.
8 842.1 63.9 9.5 833.7 56.2 
12.
1 
813.1 34.6 1.4 812.0 37.2 2.0 811.1 35.5 1.7 807.5 33.3 1.6 802.0 24.8 2.3          
690.6 28.8 0.1 697.4 39.5 0.2                 690.6 55.7 8.2 
                    663.8 85.2 7.8      
621.6 11.3 0.1 621.5 13.6 0.2 620.4 12.2 0.2 620.3 10.0 0.2 621.6 7.2 0.3     639.2 47.0 9.0 
576.2 49.9 2.8                 587.9 52.9 2.4      
571.6 14.2 0.2 571.0 14.0 0.2 572.4 45.5 4.0     568.7 34.5 5.9          
    561.6 68.3 5.9     560.5 65.0 7.1              
546.4 32.2 3.3 545.3 24.3 0.7 544.2 37.5 1.8 542.7 17.4 0.4 545.0 20.1 2.9          
526.4 12.7 0.2 527.0 10.9 0.1                      
474.6 23.3 3.3 473.3 29.1 2.5 471.6 28.2 5.3 471.1 27.1 6.1 470.0 18.9 4.4 465.6 57.1 5.2 467.4 64.8 7.5 
459.2 28.2 1.7 457.2 31.8 2.2                      
435.3 23.1 5.8 434.5 22.5 5.2 435.7 13.9 1.4 433.9 10.7 0.5 435.7 6.0 0.5          
415.6 23.1 3.6 418.0 25.0 3.6 427.3 44.4 
10.
2 427.7 44.7 
12.
7 428.5 34.4 9.5 418.0 28.8 3.3      
401.1 17.5 0.6 406.0 26.0 2.0                      
    371.4 42.3 1.2                      
327.9 28.8 2.7 327.5 37.6 2.0 325.8 32.2 2.1 324.4 26.9 1.3 328.8 5.3 0.5          
309.0 30.4 1.2 304.5 43.5 1.2 301.9 32.6 1.0                  
262.0 43.4 3.6 258.1 46.6 2.7 256.5 46.7 2.4 255.2 32.7 4.4     271.5 80.6 2.1      
233.6 31.6 3.6 233.2 29.7 3.7 232.8 29.9 3.6 237.5 20.3 3.0     243.3 31.5 4.5 241.8 7.2 0.6 
215.1 21.6 3.6 214.8 22.4 4.6 215.3 21.6 4.0 217.1 23.7 8.3 217.1 9.9 0.9 218.6 11.1 1.1 221.9 8.1 0.9 
201.3 13.0 0.8 200.4 13.3 1.1 202.4 12.3 1.0 200.3 12.9 1.9 198.4 8.3 0.9 198.7 6.8 0.4 199.4 11.2 2.0 
178.0 5.8 0.0 177.5 7.3 0.1     177.2 8.8 0.4 177.2 9.2 0.9 177.7 8.4 0.5 178.6 10.3 2.0 
156.1 9.7 0.2 156.6 9.6 0.2 157.9 10.0 0.1 156.8 9.4 0.3 157.0 7.8 0.4 156.9 5.7 0.1 158.2 7.4 0.6 
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